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Dark matter

Interacts at least gravitationally

Electrically neutral & decoupled from primordial plasma
Leads to density profile for galaxy rotation curves

“If” cold: clusters & leads to structure formation

Either stable or very long lived
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Incomplete DM list

+ Unnatural, classical conformality, delayed naturality

+ Perturbative natural Conformality Antipin, Mojaza, Sannino 13
Elementary

‘ » Natural extensions [Susy,..]
J AXIONS

= ) 4

+ New QCD-like sectors added by hand

Composite » Composite DM from composite EW [Technicolor,. ]

@ + Composite axions

——.
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Elementary Composite
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+ Perturbative: We can compute

+ Nonperturbative: + Effective lagrangians

+ First principle lattice simulations
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Bullding composite DM Y

+ Gauge theories with fermionic matter
+ Gauge group: SU, SO, Sp, Exceptional
+ Choose matter repr.

+ Embed SM [e.g. Dynamical EWSB]

Resulting composite DM can be

+ A fermion
+ A (Goldstone) boson

Solve new strong dynamics!



(2-flavors) QCD - like [y

+ Number of odd colors > 3
+ Complex representations

+ |f below conformal window

SU(2) x SU(2) — SU(2)

+ |n Technicolor-like embedding the TC-neutron = DM (1- 3 TeV)

+ Different flavors/SM embedding more possibilities



Ly

SU(2) = Sp(2) - Template

Appelquist, Sannino, 98, 99 Lewis, Pica, Sannino 2012
Ryttov, Sannino, 2008 Hietanen, Lewis, Pica, Sannino 2013

Jarvinen, Ryttov, Sannino, 2009
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Theoretical expectations

O

* @ m=0

(Q" (—ic*)C EQ) = (UU + DD) = A®> # 0

+ SU(4) can break spontaneously to Sp(4)
+» Composite spectrum are representations of Sp(4)

+ 5 Goldstones



Hadronic operators
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+ Mesons

ng)) = U(x)I'D(x)
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- + Mesons and baryons are mass-degenerate

+ Equal angular momentum & opposite parity
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Dark matter on Lattice
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Dark matter on Lattice

dark-gluon
J dark-quark
Lewis, Pica, Sannino 2012
/ Hietanen, Pica, Sannino, Sendergaard 2013
Hietanen, Lewis, Pica, Sannino 2013
— Canadian-Danish collaboration

T

¢
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Dark Wilson action

— éz(1—%ReTrUM(a:)U,,(x—I—,&)Ul(x—I—ﬁ)UWaz)) /g;’é‘ | \\

2

+ (4+mo) Y d(a)p(x)

_% S <¢(x)(1 — ) U (@) (z 4+ ) + (z + 2) (1 + M)Ul(w)w(xo

I5; Volume mo Therm. Conf.
2.0 163 x 32 -0.85, -0.9, -0.94, -0.945, -0.947, -0.949 320 680
2.0 324 -0.947 500 680
2.2 163 x 32 -0.60, -0.65, -0.68, -0.70, -0.72, -0.75 320 680
2.2 243 x 32 -0.75 500 ~2000
2.2 324 -0.72,-0.735, -0.75 500 ~2000

Table 1: Parameters used in the simulations. The thermalization column refers
to the number of discarded initial configurations and the configuration column
refers to the number of independent configurations used in measurements.
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» Fermion mass via PCAC

_ 1 0:Vnn =
mq o tirglo 5 VPP | |
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Vit(ts — tp) = a® Yy (@t yoysd(t:)u(ts)ysd(ts))
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+ Decay constant
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+ 2 point functions
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Spin one spectrum 1L

2 \olumes: 163 x 32 and 324 in lighter colors ;\H —
./f’ 1 I

Smaller volume effects for beta = 2.0
Larger volume effects for the most chiral points for beta = 2.2

Volume corrections for lighter masses
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Continuum estimates

m, ~ 2510(40)(280)(300) GeV
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DM-photon interaction % [

» UL and Dy form a weak doublet = &

+ Ur and Dr fields are weak singlets
+ U (D) have 1/2 (-1/2) electric charge

+ No gauge and Witten anomalies

Dark coupling to photon via charge radius

¢ =1lyp P
L, = ieA—g¢* b B, FH

ds _,
A2

+ Need to determine 3-point functions (GBs form factors)



(GBs vector form factors | | | &

—
TitH
I i
Conltiste; by « Lattice electromagnetic current
e 1) Vle) = V(@) ~ 5V ()

(2) =
COt,)

FH(QQ):sz(fd)(ti?t7tf7ﬁi7ﬁf)0fc(£l)(ti7t7ﬁf)( 2B (py) )
O (tin t, 5:)C2) (ti tp,5y)  \En(@i) + En(py)



Avoiding disconnected diagrams

+ Lattice simulation expensive for different fermion masses /g;é

+ But for my = mp form factors vanish

+ Up and Down are related in QCD at large N [works for N=3]

2 m? 1 m?
2\~ P p
F7T+(Q) ~ §<m2+Q2>+§<m2+Q2>
p p
% m? 1 m?
F 2 ~ _ 1Y = )
(@) 3 <m§+Q2>+3 (m?bJrQZ)
1 m? 1 m?
2\ p @
Fio(@7) =~ 3 <m2 —|—Q2) + 3 (mi—FQQ)
P

We will test VMD for SU(2)




GB form factor vs vector pole

0.8

0.6

0.4

0.2

_ (1+Q2/mp2)'1 for (
. (1+Q2/mpz)'1 for (

= [=22and m=-0.75
(1+Qz/mpz)'1 for (

B=2.0,m,=-0.947)
B=2.2,m,=-0.72)

B=2.2m,=-0.75)

~
-~
-
-
-~
-~
~
~
-
-
-~
-~

~

0.2
Qz [lattice units]



| attice prediction

+ Form factor requires isospin breaking e

from ETC

[ attice determines A= mp ,




| attice prediction

+ Form factor requires isospin breaking
from ETC

[ attice determines A= mp ,

+ EM cross section with proton

1 (87TCVdB)2 = N

v
O- — —
P 4r

A2 Mg + My

dpl <1 mg>m
| @ p



| attice prediction

+ Form factor requires isospin breaking I . A o i
from ETC
B Mo, — Mpp
Lattice determines N =Mp, dp = m
Jo)
+ EM cross section with proton
2
A ,LL_Q Sradp = N dp| <1 mg >my

First principle !
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Composite Higgs 7

Basic Interactions

Cross section with the proton

(dy + dz)memé

5
Mgy

M¢UEwA

dg |

+ 8T —

A2

DM is a GB

f~0.3



Composite Higgs ?

Basic interactions e =i
d; o
Ly, = Kh 8qu o, ¢ —+
b~ dy ~ O) T~ DMisaGB

Cross section with the proton

u? | (dy -|—alz)fm]\r777,§5 dB_
Op — 2 —|_ 87'('04—2
dm mzimeUEw A A
) - f~0.3
fo— (dy —;—d2)memé /= — (dy + dQ)memé ) 8wad—B

mHm¢UEWA m%[m¢UEwA A2



Composite Higgs 7

—
Basic interactions e
d1 Talks by Foadi and Kuti
Ln=-—h0,0"0"p+
A
dy & dy ~ O(1) T DMisaGB
Cross section with the proton
- 12
p? | (dy + dz) fmym3 dp
op = e — v A + 87’(’0&F
- : f~0.3
B (d1 + d2)mem?5 B (dy + dg)memé dg
Jn=- m%mevEw A T =~ m%mevEw A B SWQF
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Summary

A natural avenue: Compositeness
Composite dark matter
Template for a composite Goldstone DM

First principle dark lattice simulations
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laming volume effects

—
+ 3 Volumes: L3 x 32 B i
=, &
+» Most chiral point for beta = 2.2
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Approaching infinite volume



Form factors relations

Cl(f?)z))(tz',t,tf,@,ﬁf) _ U _ D
C%(ti,t,tf,@,ﬁf) — 7Y T7Pb
CO (bt ty, i y) = TV +T7
CO) (bt i iy) = —TV — TP




Continuum estimates

meson B m GeV GeV = 4\~
vector 2.0 1750(10) 2060(12) = i
vector 2.2 1920(10) 2230(11)
vector 00 2210(40)(290)(300)  2510(40)(280)(300)
axial vector 2.0 3280(50) 3850(50)
axial vector 2.2 3140(40) 3630(40)
axial vector oo  2900(120)(230)(370) 3270(130)(370)(370)
+ The estimates with an “i” account for the Z, factor
+ The table above is obtained taking the ratio of m over Fpi first
+ The table below are independent fits
meson 15 m GeV m' GeV
vector 2.0 1690(90) 1990(110)
vector 2.2 1860(60) 2120(70)
vector oo 2160(270)(300)(270) 2430(300)(310)(300)
axial vector 2.0 3280(50) 3850(50)
axial vector 2.2 3140(40) 3630(40)
axial vector oo 2900(120)(230)(370) 3270(130)(370)(370)




